The viral inhibitors guanidine hydrochloride and 2-(~-hydroxybenzyl)-benzimidazole (HBB) were used to study the relationship between lysosomal enzyme release and the development of poliovirus-induced cytopathic effect (CPE) in HEp-2 cells. Lysosomal enzyme release, the development of CPE and virus replication were inhibited or delayed if these antiviral agents were added up to 2 to 3 hr after infection. When added later the agents were no longer effective. It is suggested that a virus-induced protein produced during 3 hr after infection is responsible for lysosomal enzyme release.
INTRODUCTION
Following Defendi's (I962) suggestion of lysosomal involvement in the viral cytopathic effect (CPE), Allison & Sandelin (I963) demonstrated the activation of lysosomal enzymes in cells infected with virus. Subsequently the study of the redistribution of the lysosomal enzymes within cells infected by picornaviruses has been the subject of several investigations (Flanagan, i966; I966; Wolff & Bubel, i964) . These studies have shown that activation of lysosomal enzymes bears a direct relationship to the development of picornavirus-induced CPE.
The use of viral inhibitors suggests that a virus-directed protein may be responsible for the initiation of CPE (Bablanian, Eggers, & Tamm, 1965a, b) . Amako & Dales (1967 a) postulated that this protein may damage the integrity of lysosomal membranes, freeing the hydrolytic enzymes within, the ultimate result being autolysis of the cell. In support of this concept, Thacore & Wolff (I968a) have described the presence of a soluble material extracted from poliovirus-infected cells which is able to damage lysosomes.
In the following investigation, guanidine hydrochloride and z-(~-hydroxybenzyl)-benzimidazole (HBB) were used to study the correlation of viral induced CPE, virus replication, and lysosomal enzyme release.
Samples for virus assay were centrifuged at 6oog for Io rain. The supernatant fluid represented the released virus, and the pellet, resuspended to the original sample volume, represented the cell-associated virus. All samples were frozen and thawed three times and assayed by the plaque technique of Dulbecco (1952) on HEp-2 cell monolayers prepared in 60 x 15 ram. Falcon plastic culture dishes. Dilutions of the virus were made in MEM-spinner medium containing ~o ~ calf serum. Three tenths ml. of appropriate dilutions were allowed to adsorb for a 1 hr period with frequent agitation to facilitate even plaque distribution. The monolayers were then overlaid with 5 ml. of MEM medium containing 0"9 ~ Difco Bacto agar, lo ~ calf serum o'o5 % yeast extract, o.25 % lactalbumin and o'5 % peptone. The cultures were incubated for 48 hr at 36 ° in a 5 ~ CO2 humidified atmosphere. The 3 to 4 ram. plaques were counted within ~2 hr after the addition of 1 to 5 ml. of a o'05 % (w/v) neutral redsaline solution.
CeIlfractionation. The remaining portion of infected cells (95 ml.) was centrifuged in a Sorvall RC-2B centrifuge at I6,3oog and 4 ° for 2o rain. The supernatant fluid was decanted and the pelleted cells were resuspended to 3 ml. with o'I25 M-sucrose. The homogenization procedure was essentially the same as that described by Wolff & Bubel 0964) and is shown in Fig. I . Cellular disruption was accomplished in a Dounce 'T' homogenizer with the tube portion adapted for centrifugation in a Sorvall RC-2B centrifuge with an SS-34 angle head rotor. The homogenate was examined by phase microscopy after every 25 uniform strokes, to determine the degree of cellular disruption. Homogenization was considered complete when more than 98 ~ of the cells were disrupted. The homogenate was sedimented at 4 ° in a Sorvall RC-2B centrifuge for 2o min. at 2o,2oog and the supernatant fraction, containing the soluble cellular substances, was collected and used for the assay of released lysosomal enzymes. The sediment containing intact lysosomes and other cellular particulate matter was resuspended to 3 ml. with o.2 ~ Triton X-loo in Reactions were stopped after ~ hr incubation at 37 ° with I "5 ml. of 5 (w/v) trichloroacetic acid. Suitable controls were prepared by precipitating enzyme and buffer mixtures after the incubation period, then adding the ortho-nitrophenyl-p-D-galactopyranoside substrate. All tubes were held at 4 ° for I5 rain. to facilitate precipitation, then centrifuged at 5ooog for 2o rain. Colour development was accomplished by adding I ml. of 0"4 M-glycine buffer, adjusted to pH m'7 with 2 Nsodium hydroxide, to ~.5 ml. of the supernatant fluid. Extinction of the samples was determined at 4IO nm. in a Beckman Du spectrophoto~eter against the appropriate control. Aryl sulphatase was assayed by a modification of the Roy method 0958). Reaction tubes contained 0. 3 ml. of 6 mM-nitrocatachol sulphate, o. 3 ml. of o.I M-sodium acetate buffer (pH 5"0) and 0.2 ml. of the enzyme preparation. The reactions were incubated at 37 ° for 2 hr and stopped with 3 ml. of o. ~ M-trichloroacetic acid. Controls were prepared by precipitating the enzyme and buffer mixture after the incubation period with trichloroacetic acid, then adding o'3 ml. of nitrocatachol sulphate. All tubes were chilled and centrifuged for lo rain. at 5ooog. The colour was developed by adding 2'5 ml. of 2" 5 N-sodium hydroxide to I'5 ml. of the supernate. Extinction of the sample was recorded at 515 rim., against the appropriate control.
RESULTS

Normal course of lysosomal enzyme release and CPE development
An experiment was designed to establish correlation of virus induced cytopathic effect (CPE), poliovirus replication and lysosomal enzyme release in suspended HEp-2 cells. The results of this experiment are recorded in Fig. 2 and are in close agreement with those reported by Wolff & Bubel (t 964) for the poliovirus-KB cell system. Cultures were infected with a multiplicity of approximately ~ 5 p.f.u, per cell. Intracellular virus replication was first detected at 4 hr postinfection (PI) and continued exponentially until approximately 8 hr PI, when maximum production was recorded. Corresponding increases in extracellular virus occurred after approximately a 2½ hr delay and increased until 16 hr PI. The rapid, degenerative type of CPE induced by poliovirus in these suspended HEp-2 cell cultures was first observed by the appearance of small blebs of cytoplasmic protrusions near the periphery of the cell at about 4 hr PI. This was followed by nuclear swelling and distortion and cytoplasmic granularity. The first overt cytopathic changes, at approximately 8 hr PI, corresponded with maximum intracellular virus production and also to a time at which approximately 50 ~ of maximum virus release had occurred. Beyond 8 hr PI the CPE was characterized by gross vacuolization, cell shrinkage and pycnotic nuclei. By 12 hr PI, advanced degrees of CPE could be demonstrated in almost 9o ~ of the cells. Also recorded in Fig. 2 is the release of the lysosomal enzymes, aryl sulphatase,/~-glucuronidase, and/~-galactosidase from the lysosomes~into the cytoplasm of the cell. The measure of these three lysosomal enzymes was considered to be representative of location of the entire lysosomal enzyme complement (de Duve, I963). All results are presented as percent of total lysosomat enzyme which is released from the lysosome into the cytoplasm of the cells (Fig. I) . A measure of percentage allows the comparison of data obtained from samples which contain variable numbers of cells. The onset of lysosomal enzyme release corresponded with the onset of virus induced CPE and the appearance of extracellular virus. We obtained a similar correlation with the patterns of lysosomal enzyme release and CPE using L-cells infected by mengovirus. 
Virus inhibition by guanidine HCl and HBB.
The desirability of manipulating the relationship between CPE and lysosomal enzyme release prompted the use of guanidine hydrochloride and HBB. Cellular and viral toxicity studies indicated that concentrations of zoo/~g./ml, of guanidine-HC1 and T To #g./ml. of HBB were not detrimental to cells over a 24 hr period and yet significantly delayed the onset of virus induced CPE and virus replication. The results
I56
L.E. GUSKEY, P. C. SMITH AND D. A. WOLFF in Fig. 3 and 4 show the effect of these agents, when added 3 hr prior to infection, on poliovirus replication and CPE. It is apparent that guanidine at a concentration of 2oo #g./ml. (Fig. 3) was a more potent inhibitor of poliovirus replication than HBB at a concentration of I Io#g./ml. (Fig. 4) -Guanidine allowed no intracellular virus synthesis over a 2o hr period, and as a consequence no increase in extracellular virus was detected. However, synthesis of intracellular poliovirus under the influence of HBB was delayed only about 4 hr beyond corresponding synthesis in untreated cells.
Released virus was first detected at ~2 hr PI but accounted for only o'o5 ~ of the virus released from untreated cells at a corresponding time. Under the influence of HBB, regardless of the time of addition, complete virus inhibition was not achieved. These results suggest the emergence of an HBB mutant; however, we have found that virus synthesized in the presence of HBB is neither dependent on, nor resistant to, the agent. Virus induced CPE was not detected until after i2 hr PI, when guanidine was added 3 hr prior to infection (Fig. 3) . Assuming that the virus successfully entered the cell in the presence of guanidine-HCl--as indeed has been shown by Carp 0964)--this observation indicates that synthesis of viral components and not merely uptake of the virus is necessary for the development of CPE. When HBB was added 3 hr prior to infection, virus induced CPE was delayed I6 hr (Fig. 4 ) and appeared at a time concurrent with maximum intracellular development and when 83 ~o of maximum virus release was obtained. 
Poliovirus cytopathic effect [57
Effect of delaying the addition of guanidine or HBB
Having established that HBB and guanidine interfere with the pattern of poliovirus replication and also delay or prevent the CPE induced by the virus in suspended HEp-z cells, the next series of experiments was designed to determine whether the virus-directed events altered by guanidine and HBB were also required to induce CPE and lysosomal enzyme release. HBB or guanidine HC1 inhibition was relaxed by 
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(-) (-) (+) (++++)(++++) adding the agents to infected cultures at various times PI. Addition of HBB at 3, 4, 5 and 6 hr P1 (Fig. 5, 6 ) diminished the effects of the agent on virus replication. When inhibitors were added to the infected cultures at 5 and 6 hr PI, virus development closely approached that of the untreated infected control. In this experiment the most pronounced inhibition occurred when HBB was added 3 hr PI. When the agent was added at 5 hr PI, however, intracellular virus production approached the maximum obtained from untreated cells (Fig. 6 ). The development of CPE was also severely
depressed by HBB when the agent was added 4 hr PI or earlier. The release of the lysosomal enzyme aryl sulphatase (Fig. 7) was also more inhibited at the 3 hr PI addition of HBB than at later times of addition. In all cases the initiation of enzyme release was not detected before maximum intracellular virus development had occurred. No significant difference in virus replication was detected when guanidine hydrochloride was added at 2 hr preinfection and ['5 hr PI (Fig. 8) . However, when the agent was added at 3 hr PI, increases in virus titre, amount of lysosomal enzyme released and viral induced CPE were detected. Release of the marker enzyme flglucuronidase (Fig. 9) followed a similar pattern to results obtained with/Lgalactosidase (unpublished data). These data therefore indicate that neither guanidine, when added at 3 hr PI, nor HBB, when added at 4 hr PI, is effective in inhibiting virus synthesis, virus induced CPE and lysosomal enzyme release.
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DISCUSSION
Several attractive hypotheses have been proposed to explain the development of CPE in virus infected cells. One proposal was that CPE is a result of virus directed early inhibition of host cell nucleic acid and protein synthesis (Baltimore, et al. I963; Franklin & Baltimore, I962 ) . However, it was conceded that viral-induced CPE could not be fully explained by this proposal, since the above conditions, when simulated by actinomycin-D, result in less drastic morphological changes within the same period of time. A second hypothesis proposed that the production of late virus proteins (capsids) is either directly or indirectly responsible for the initiation of virus-induced CPE (Bablanian et al. I965b) . Thus far, there has been no evidence indicating that isolated viral capsids can induce the same type of cytopathic changes observed during infection, (Wolff, i965) . Finally, another proposal suggests that lysosomal enzymes are directly responsible for the development of CPE. In support of this proposal, it has been demonstrated that the hydrolytic enzymes within the lysosomes of the cell are capable of degrading cellular components (Sawant, Desai & Tappel, ~ 964) . There are two possible mechanisms for release of these enzymes after virus infection. First, a product of viral synthesis may cause localized pH changes within the cell which bring about the release or the activation of lysosomal enzymes (Wolff, i965) . If this situation exists it is as yet undetectable.* A second possibility is that a virus induced protein acts on the lysosomaI membrane causing leakage of lysosomal enzymes (Amako & Dales, I967b; Wolff& BubeI, 1964) . Data presented here support the second possibility. Although guanidine and HBB do not act directly at the level of protein synthesis they do indirectly prevent virus-induced protein synthesis (Bablanian et al. * In co-operation with our laboratory, Addanki and Cahill, using the dimethyloxazolidinedione technique (Addank et al. I966) found that in samples of HEp-2 cells harvested at 3"5 hr PI no detectable pH differences exist between poliovirus infected and uninfected cells (unpublished data).
I965a; Baltimore et al. J963) and depress poliovirus-induced CPE. Delay in the addition of guanidine HC1 or HBB up to 3 hr PI, inhibits or hinders the onset of poliovirus-induced CPE and lysosomal enzyme release. The substance which triggers release of lysosomal enzymes is probably a protein produced in the first 3 to 4 hr PI. Other investigations support this interpretation. Amako & Dales (~967a) recognized the existence of a protein produced in mengovirus-infected L-cells within 4 hr PI which alters the permeability of lysosomal membranes. Jacobson & Baltimore (1968) , investigating the morphogenesis of poliovirus, found that when guanidine is added at 3 hr PI an accumulation of a large protein occurs. This protein may be enzymically active when an RNA molecule associates with it. Finally Thacore & Wolff (I968a) have found a protein-like substance in poliovirus-infected cells harvested at 3 hr PI which can increase the permeability of isolated lysosomes. CPE and lysosomal enzymes are first detected 4 hr PI; however, this protein may appear earlier, since the amount of lysosomal enzyme needed to initiate a chain reaction culminating in visible cell injury is at present below our limits of detection. This possibility was recently supported by immunofluorescence studies on mengovirusinfected L-cells (Gauntt & Lockart, I968) . One factor which may lead to differences in the time of detection of this protein is the method used to evaluate CPE. Whereas Bablanian et al. (1965 a) used cell rounding as a primary criterion for the measurement of CPE and Amako & Dales (I967a) used penetration of erythrosin-B as a primary criterion, we used visual observation of intracellular changes between control and infected cells, changes which upon careful observation could be detected with phase contrast microscopy as early as 3"5 to 4 hr PI.
Our data also indicate that HBB and guanidine do not have the same mode of action since guanidine completely inhibits poliovirus when added at 2 hr PI but not at 3 hr PI, whereas HBB, when added at 3 hr PI, transiently inhibits poliovirus and has only a slight effect at 4 hr PI. Regardless of the time of addition of HBB, virus production is inevitable. Attempts to determine the cause of this transient inhibition of HBB have not been successful, although several possibilities have been experimentally eliminated. The loss of HBB inhibition cannot be explained by HBB resistant or requiring mutants (unpublished results). One line of evidence suggests that the phenomenon is not due to a differential uptake of HBB by suspended HEp-2 cells. Application of dimethylsulphoxide, an agent known to increase the permeability of substances, does not prevent the eventual production of poliovirus under the influence of HBB (unpublished results). A third possibility is that HBB may lose biological activity in the prolonged presence of cells. Finally, HBB might interfere with another less critical function of the virus within the cell. Our results suggest that a certain threshold of intracellular virus may be necessary before a rapid release of virus occurs. HBB attenuates type I poliovirus synthesis in such a way that the threshold is never reached. This investigation was supported by Public Health Service Research Grant number Aio7156 from the National Institute of Allergy and Infectious Diseases.
